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Introduction 38
Compound-specific radiocarbon analysis (CSRA) has proven to be a powerful tool in 39 understanding C dynamics in the earth system at a mechanistic/process level by allowing the 40 fluxes and turnover rates of individual compounds or compound classes with well-defined 41 sources to be determined. The use of preparative capillary gas chromatography (pcGC) for An important potential application of this approach is the radiocarbon dating of archeological 48 organic residues, particularly the C16:0 and C18:0 fatty acids derived from animal fats which 49 occur widely adsorbed within the clay matrix of archaeological potsherds. Although the 50 results of initial studies 7-9 were promising, it was evident that the accuracy and precision of 51 these determinations did not meet the high standards demanded by archaeological dating, 52 making this perhaps the most challenging application of the technique. Any exogenous C 53 added to the samples (especially on small sample sizes) isolated from the archaeological 54 matrix would reduce the accuracy of 14 C measurements and require correction 10, 11 . 55 Furthermore, it is critical for many archaeological applications that small chronological 56 differences between samples (and therefore events) can be observed after calibration. The 57 accuracy and precision that is therefore required for archaeological samples exceeds those 58 often deemed reasonable for other CSRA applications. 59 Assuming sufficient analyte C is available, the major factors which can limit the achievable 60 levels of accuracy and precision during compound-specific radiocarbon dating are: i) 61 introduction of exogenous C during isolation by pcGC, oxidation and reduction to graphite; 62 and ii) cross contamination or sample "carryover" between samples within the pcGC system 63 (i.e. GC or preparative fraction collector (PFC)). The samples and standards prepared in this 64 study were not considered to be 'small', however, for applications where only small samples combusted and graphitized. For CSRA of their lipids, FAMEs were prepared from the bog 147 butters using the method established by Correa-Ascensio and Evershed 20 .
148 149 pcGC parameters 150 The pcGC consisted of a Hewlett Packard 5890 series II gas chromatograph coupled to a 151 Gerstel Preparative Fraction Collector by a heated transfer line. Details of the pcGC 152 parameters were previously published in Casanova et al. 13 and are given in supplementary 153 materials.
154
The C16:0 FAMEs were isolated in trap 'T1' and the C18:0 FAMEs were isolated in trap 'T2'. This extract was split for both GC-FID analysis, to determine trapping efficiency, and the 172 quantification of exogenous C by NMR. After removal of glass wool, any remaining FAMES 173 on the inside of the STS traps were extracted with hexane to assess the partitioning of trapped 174 compounds between the glass wool and the walls of the glass tubes. Compounds were 175 quantified by GC-FID using the internal standard method. (including the pure FAME standards) were combusted using a Vario Isotope Select elemental 189 analyzer (EA, Elementar, Langesenbold, Germany) and the resulting CO2 graphitized using an automated graphitization system (AGE3, IonPlus, Zurich, Switzerland) using Fe (Aefa 191 Aesar, Heysam, UK) as a catalyst 21 . Graphitized samples were pressed into Al targets using a 192 pneumatic sample press (PSP, IonPlus, Zurich, Switzerland) and radiocarbon determinations 193 performed using size-matched standards and blanks on the BRIS-MICADAS system (ETH 194 Zurich, Zurich, Switzerland).
195
A mass-balance approach (outlined by Stott et al. 8 ) was adopted to correct for the 196 contribution of the methyl group added in the derivatization of fatty acids, where appropriate. 
Cross-contamination between pcGC isolated compounds 205
Cross contamination was assessed by isolating FAMEs from the FAME standard solution 206 before injecting pure solvent onto the GC column, then the column eluent was trapped for 30s 207 at the retention times when the FAMEs would elute. This method was performed both 208 without cleaning the instrument, or after cleaning the end of the capillaries where they exit 209 the PFC using a heat gun at 300 °C under elevated He flow to evaporate any condensed 210 FAMEs. The contents of the traps were extracted and analyzed by GC-FID and any FAME 211 contamination was quantified using the internal standard method. 212 need for using a solventless system for the recovery of compounds isolated by pcGC for 238 radiocarbon dating for archeological applications. The percentages of C lost to waste (trap T0), successfully trapped and recovered in the "U" 253 and STS traps, and in the case of the STS traps, lost to the walls of the traps, were determined 254 by GC-FID (detailed results in supporting information Table S1 ). The proportion of C from 255 the FAME which was collected in the 'waste' trap, T0, was found to be 1.3 % in the case of with the glass wool. It can therefore be concluded that it is critical that the end of the 265 capillary from the fraction collector is positioned to be in contact with the glass wool. Any 266 dead-volume before the glass wool will promote turbulent flow and lead to analyte 267 condensation on the walls of the tubes. However, the capillary termini must not be buried 268 within the glass wool as this can cause blockage that would prevent collection of the analyte.
269
The average trapping efficiency of the glass wool in the STS traps was found to be 95.7 % of This is a lower level of contamination than was determined for compounds isolated in the 282 traditional "U" traps (0.14 ‰; ~1 y shift to older values). Neither of the samples recovered 283 from the "U" traps or the STS traps showed any detectable form of exogenous C other than column bleed poly(dimethyl siloxanes). The mean amount of column bleed isolated alongside 285 the FAME standards was 28 ng C for the "U" traps and 4 ng C for the STS traps. Neither 286 represent a significant level of contamination, however, it is interesting that less column 287 bleed was trapped using the new STS trap design. This observed difference is unlikely to be 288 due to differences in the condition of the GC column, as these trapping sequences were 289 carried out 1 week apart on the same instrument with the same GC column installed. It could 290 be that the internal walls of the STS trap tube have a higher affinity for trapping 291 poly(dimethyl siloxanes) than the glass wool or that being more volatile, the PDMSs are not 292 retained on the glass wool, but the length of the "U" traps is sufficient to allow their 293 condensation and recovery, although, this has yet to be fully tested experimentally.
295
Accuracy and precision assessment 296 The scatter, measured as the standard deviation (SD) of true replicate analyses observed 297 within radiocarbon determinations of replicate isolations and analyses of the same FAME 298 standards was assessed for both trap designs. This gives a measure of the overall precision of 299 the data obtained with each trap design. The radiocarbon determinations were then compared 300 to those performed off-line for the same FAME standard (combusted and graphitized directly 301 without isolation by pcGC) to assess the accuracy of the compound-specific radiocarbon 302 determinations (detailed results in supporting information Table S3 ). It is clear from Fig. 3 303 that the scatter observed in the F 14 C values determined for FAMEs isolated using the 304 traditional "U" traps with solvent recovery (SD=0.0088 and 0.0120 for the C16:0 and C18:0 305 FAMEs, respectively) is far higher than the same FAMEs measured off-line (SD=0.0030 and 306 0.0021 for the C16:0 and C18:0 FAMEs, respectively). The F 14 C values of FAMEs isolated respectively) demonstrate a much lower degree of scatter than the "U" traps and more closely = 9.5, υ = 4 and T' = 28.4, T'(5%) = 9.5, υ = 4, respectively) 23 , indicating a far higher level 333 of scatter than would be expected on a purely statistical basis. The C16:0 and C18:0 FAMEs 334 isolated using the STS traps both passed the χ 2 test at the 5 % level (T' = 6.2, T'(5%) = 14.1, 335 υ = 7 and T' = 1.5, T'(5%) = 14.1, υ = 7, respectively) indicating acceptable levels of 336 sample scatter (and therefore precision). As a further test of the equivalence of the values 337 obtained off-line for the pure FAME standards and those isolated by pcGC using the STS 338 traps, the replicates from both sets of analyses were combined and again subjected to χ 2 tests 339 (both comparing all replicates with the overall weighted mean value and with the weighted 340 mean from the off-line measurements alone) and passed at the 5 % level in each case (T' = 341 0.2, T'(5%) = 3.8, υ = 1 for the C16:0 and T' = 1.9, T'(5%) = 3.8, υ = 1 for the C18:0). This 342 not only indicates that the precision of the STS method is excellent, but (in addition to the 343 fact that the weighted means agree to within 2σ) that the dates produced are accurate. The 344 same tests were performed on the replicate measurements from the "U" traps, however, these 345 failed the χ 2 test at the 5 % level in case of the C18:0 (T' = 0.8, T'(5%) = 3.8, υ = 1 for the 346 C16:0 and T' = 8.9, T'(5%) = 3.8, υ = 1 for the C18:0).
347
It is therefore clear that the use of the new STS trap design avoids the contamination of 348 isolated analytes by residual solvent first raised by Eglinton and co-workers 1 analysis of the contents of clean trap installed immediately after a typical 40 run trapping pure fats, largely butter, and are thus composed entirely of fatty acids that can be isolated by pcGC 24, 25 . Critically, due to their purity they present a unique opportunity to rigorously 381 validate the CSRA dating method, as they can be directly radiocarbon dated and used as 382 'known age' standards for CSRA.
383
In order to test the homogeneity of the archaeological fats prior to CSRA dating, bulk 14 C (supporting information Table S5 , Fig. S1 ). These tests were not performed using the U traps 390 as samples isolated in this manner failed to achieve the necessary accuracy and precision 7-9 .
391
Individual 14 C dates on the C16:0 and C18:0 FAs were identical within a 2σ error for each bog 392 butter showing a uniformity of measurements obtained from two different single compounds.
393
Two of the bog butters (IB18 and IB19) were re-sampled, methylated and CSRA performed a 394 second time and no significant differences in the dates were observed, as the χ 2 test at the 5 % 395 level (T' = 4.5, T'(5%) = 9.5, υ = 3 and T' = 1.7, T'(5%) = 9.5, υ = 4, respectively) was 396 successfully applied in both cases, highlighting once again excellent reproducibility of the 397 method.
398
Comparison of the weighted averages of the bulk dates with single 14 C determinations on 399 FAMEs showed they were identical within 1 or 2σ error, with one exception, IB18-C16:0 400 (BRAMS-1102.4.1) for which the 14 C measurement was just outside the 2σ error of the 401 weighted average. All bulk and CSRA determinations for each of bog butter were subjected 402 jointly to the χ 2 test at the 5 % level, which they all passed successfully (IB1: T' = 1.9, IB12: T' = 1.8, T'(5%) = 9.5, υ = 3; IB18: T' = 6.7, T'(5%) = 12.6, υ = 6; IB19: T' = 2.4, 405 T'(5%) = 12.6, υ = 6), indicating statistically identical measurements between bulk and 406 CSRA with an acceptable level of scatter. Thus, there is extremely good agreement between 407 bulk and CSRA dates; this is further emphasized when plotting the CSRA dates against bulk 408 dates (Fig. 5) . Over a 3,000 year range the data points can be described by a linear function, y 409 = 0.9875x + 8.7082, R² = 0.999. The slope indicates almost a 1/1 ratio for CSRA/bulk 410 measurements, in addition the line intercepts close to the origin at ~9 years, suggesting no 411 significant offsets exist within the CSRA measurements. The results presented in this paper demonstrate the effectiveness of an entirely new approach 418 to the isolation and handling of individual compounds for high precision 14 C determinations.
419
The STS presented completely eliminates the need to use organic solvent for the transfer of 420 isolated compounds to the combustion/graphitization system, thereby overcoming concerns 421 and shortcomings surrounding the previously described trapping system and transfer method.
422
The new STS is extremely simple and can be immediately adopted by any pcGC user after 423 fashioning the new traps as described in this paper (Fig. 1C ). The analytes accumulated in the 424 glass wool fitted in the STS trap can be transferred from the traps directly into a tin/aluminum 425 capsule for graphitization without using solvent, which is a major advance for CSRA. The 426 effectiveness of the approach has been assessed through the AMS analysis of a range of reference and archaeological materials. The validation of the method has also benefited from 428 the application of microcyroprobe 1 H NMR technology operating at high field (700 MHz) 429 which allowed the magnitude of contamination by the transfer solvent to be rigorously 
